Abstract The Valsalva maneuver (VM) involves expiratory effort against a closed mouth and/or glottis in the sitting or supine position with the increased intraoral and intrathoracic pressure raised to 40 mmHg for 15-20 sec after which the pressure is suddenly released and the breathing restored to normal. Complex cardiovascular and other physiologic changes occur during the VM. The VM has been used for diagnostic and therapeutic reasons as well as intraoperatively during specific surgical procedures. Although the VM is usually safe, rare complications have been reported. This review examines the published literature surrounding the VM and explores the physiologic changes that occur during its performance. Attempts have been made to understand its intraoperative uses and complications and how these can be prevented. 
The Valsalva maneuver (VM) was conceived approximately 300 years ago by the Italian anatomist Antonio Maria Valsalva (who also described the Eustachian tube). Its purpose was to expel foreign bodies or exudates (i.e., pus) from the middle ear. 1 In an awake patient, the VM involves expiratory effort against a closed mouth and/or glottis in the sitting or supine position with the intraoral and -thoracic pressures raised to 40 mmHg for 15-20 sec, after which the pressure is suddenly released and the breathing restored to normal. 2 A maneuver similar to the VM can also occur whenever a person conducts a forced expiration by strongly contracting the thoracic and abdominal muscles against high airway outflow resistance or at the end of an expiration. 3, 4 Although the VM technique is well described, its definition varies. 5 An un-intentional VM can occur during many daily activities. These include bending, sexual intercourse, straining during urination, or a strenuous attempt to evacuate the bowel, as well as with lifting heavy objects, rising off a bed using the arm and upper trunk muscles, weightlifting, and performing some sports (e.g., rowing). 6 Furthermore, an unintentional VM can also occur in the perioperative period during coughing, vomiting, sneezing, gagging, and with any breathing against a closed end-expiratory valve. Indeed, in the operating room, a VM can be induced by the prevention of expiration while fresh gas flow continues to enter a circle system circuit with an adjustable pressure-limiting valve that is partially or fully closed.
When needed, the VM was previously simulated in awake individuals by asking the patient to exhale into the spigot of a rubber connecting tube of an aneroid sphygmomanometer, 7 but now, alternative and safer techniques such as blowing a whistle or blowing into a specially devised manometer 8 that exerts a constant intraoral pressure of 40 mmHg (with the glottis kept open) are commonly used. Such a specifically designed valsalvometer has been shown to be an effective device in standardizing VM in awake individuals. 8 The well-known Heimlich maneuver 9 is a variation of the VM and involves a rescuer standing behind a patient and using his or her hands to exert pressure below the diaphragm to compress the lungs and exert pressure to expel any foreign body that may be lodged in the trachea, with the intent of expelling it.
The VM has varied clinical applications, both diagnostic and therapeutic, as well as its intraoperative use during various surgical procedures. 10 Intraoperative usefulness has been questioned because of associated complications and potentially related adverse events. The VM produces complex cardiovascular and other physiologic changes involving several regulatory mechanisms. These changes depend on whether the VM is performed actively, accidentally, or passively. The functional state of the autonomic nervous system and various pathologic states, medications, patient body positions, and intravascular volume statuses are all influencing factors on the full extent of a VM. Furthermore, the changes may be altered during anesthesia.
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In preparing this narrative review, the PubMed and Google Scholar search engines were used to identify articles on VM and related subjects using the key words Valsalva maneuver, anesthesia, anaesthesia, complications of Valsalva, applications of VM, baroreflex, bradycardia, tachycardia, hemostasis, surgery, thyroidectomy, parathyroidectomy, neurosurgery, and head neck surgery in various combinations. The search was limited to humans and English language articles published from the inception of these databases up to June 2017. Additional references were identified from reference lists in the resulting publications and review articles of interest.
The main purpose of this narrative review is to highlight the current understanding of the VM including the knowledge gaps and limitations in the literature. In addition, it addresses the interactions of physiologic changes and the VM mechanism and discusses its intraoperative applications, complications, and safe use during anesthesia.
Physiologic changes and the VM mechanism
Whenever an awake VM is performed, contraction of the chest wall muscles against a closed mouth or glottis compresses the lungs and causes a large increase in intrathoracic pressure. This increase may result in direct or transmitted forces on the aortic wall causing cardiopulmonary baroreceptor activation. 5 Junqueira 12 proposed guidelines (Table) for correct performance of a VM in awake persons because errors in executing a VM procedure are common in clinical practice. The author identified three essential key elements for the maximum effect: 1) supine posture, 2) duration of 15-20 sec, and 3) an intraoral/intrathoracic pressure of 40 mmHg. A correct VM is performed in awake individuals (after some training) in the supine position by asking them to take 2, 12 Proposed standard awake Valsalva maneuver 12 1. Heart rate or risk ratio intervals should be obtained from the conventional electrocardiogram and non-invasive blood pressure should be noted 2. Person should be resting in the supine position with a slight inclination of the head in an ambient environment without any interference 3. At least three VMs should be sequentially performed to obtain mean indices of heart rate responses at five to ten minutes allowing the return of variables to baseline levels following each maneuver 4. Depth of inspiration before straining, the duration of straining, and its intensity (expressed by the magnitude of the intraoral pressure of 40 mmHg) should all be controlled as much as possible 5. Deep inspiration should not be allowed by a forced expiration against a resistance 6. 20-sec duration of the expiratory straining period is more reliable 7. Training sessions should be conducted before valid testing sessions
Intraoperative Valsalva maneuver 579 a normal or full inspiration and exhale against a closed airway for 15-20 sec. This creates positive intrapleural pressure that can be measured through a mouthpiece with tubing attached to a manometer or by using a catheterbased system inserted into the esophagus. The 20-sec protocol provokes a more potent and long-lasting stimulus that induces arterial pressure changes that lead to conspicuous and predictable heart rate (HR) baroreflex responses with marked modifications in the parasympathetic and sympathetic activities. 8 An intraoral expiratory pressure of 40 mmHg against the manometer appears to be widely accepted. 13 This generated pressure provides an environment for maximizing the effect while minimizing the potential onset of deleterious side effects, such as rebound tachycardia and bradycardia. 2, 4, 14, 15 There are four phases of the HR and blood pressure changes following the VM (Fig. 1) . [16] [17] [18] [19] [20] In phase I (defined by the onset of the muscular straining), there is a transient increase in intrathoracic pressure and arterial blood pressure due to direct compressive effects on the thoracic aorta that cause blood to be expelled from thoracic vessels. This is also coupled with a compensatory and similarly transient decrease in HR triggered by the activation of baroreceptors within the aortic arch. Phase II (continued strain) begins with a progressive fall in systolic, diastolic, and pulse pressures as a result of the reduced venous return caused by the increase in intrathoracic pressure. 11 The impaired venous return consequently leads to the transfer of blood from the thorax and abdomen to the limbs 21 with a gradual rise in the peripheral venous pressure 22 noticeable by distension of the jugular vein, which is considered a crucial sign signaling a well-executed maneuvre. 12, 23 The rate at which arterial pressure decreases eventually declines (with even a slight increase in pressure seen) after about five seconds as a result of reflex vasoconstriction. The pulse pressure may even be increased at the end of phase II relative to resting baseline levels. The HR rises progressively for the first ten seconds during phase II. Phase III (release of the airway closure) occurs at the end of the VM-induced muscular strain and is identified by a sudden drop of blood pressure resulting from the pooling of blood in the pulmonary vessels following the release of the VM, which causes a decrease in intrathoracic pressure; there is also a compensatory rise in HR. Finally, in phase IV (recovery), there is an overshoot in arterial blood pressure and a compensatory bradycardia. These changes occur as a consequence of increased venous return resulting in increased aortic pressure as cardiac output is elevated (that is, accompanied by a compensatory baroreceptor-mediated bradycardia).
The VM causes internal jugular vein distension and increases in internal jugular venous pressure. 18 In addition, cerebrospinal fluid (CSF) pressure in an awake human (without any intracranial pathology) increases immediately with the onset of the VM and in parallel to the rise in intrathoracic pressure. During VM, increased intrathoracic and intraabdominal pressures are transmitted to the large veins compressing the paravertebral venous plexus and spinal dura, which increases the subarachnoid pressure. The pressure wave is transmitted cephalad with a consequent increase in intracranial pressure (ICP) leading to CSF flow towards the cranium. Similar increases in CSF pressure and ICP occur with the VM in awake patients as well as during neurosurgical operations. 20 A significant reduction in cerebral perfusion pressure occurs during a VM due to increases in the ICP that are coupled with decreases in the mean arterial blood pressure (MAP). Altered physiologic responses to VM in awake patients and during anesthesia Although the use of awake VM is widely practiced in clinical medicine, the interpretation of the physiologic responses is complex and challenging, requiring expert interpretation. The hemodynamic responses to VM may be altered and influenced by permanent or temporary physiologic conditions of the patient at the time of executing the VM, as well as concomitant diseases, and different body positions. 17 The abnormal responses may involve attenuated or absent MAP recovery in late phase II, attenuated or absent MAP overshoot in phase IV, absent tachycardia in phase II, or absent bradycardia in phase IV, as well as completely different patterns of arterial blood pressure and HR. 17 There may be over-exaggerated and prolonged bradycardia during phase I as well as an attenuation of the overshoot bradycardia in phase IV due to impaired baroreceptor mechanisms in hypertensive patients. 25, 26 In normal subjects with a marked vagotonic state, bradycardia instead of the expected tachycardia can be observed during phase II particularly when a low pressure VM is employed. 4 An attenuated reduction in blood pressure in the early phase II may be observed in patients with impaired ventricular function or in some patients with mitral stenosis, constrictive pericarditis, or atrial septal defects. This is characterized by a square wave pressure response with no change of pulse pressure, along with a diminished or absent tachycardia in phase II and no bradycardia in phase IV. 4 Data on physiologic responses to the VM under general anesthesia are limited. Rawlinson et al. 11 highlighted altered responses to the VM under general anesthesia (Fig. 2 A-B) in patients receiving certain anesthetic drugs. Indeed, Scott et al. 27 also confirmed that VM responses were different in patients anesthetized with thiopentone, suxamethonium, nitrous oxide, and tubocurarine compared with those obtained in conscious subjects. There was a progressive fall in MAP but HR changes were inconsistent; thus, changes associated with the VM proved to be an unreliable indicator of circulatory reflex integrity in anesthetized patients. 11 No studies have been performed using more contemporary anesthetic agents.
Non-operative clinical applications of VM
The VM has been used to diagnose oro-antral communication following dental extractions, 28 protect the middle ear from trauma during hyperbaric oxygen therapy, 29 and improve the view of the hypopharynx to aid in identification of previously undiagnosed hyoid bone fracture due to the positive pressure opening up the collapsed recesses of the pharynx. 30, 31 As the autonomic system is responsible for controlling the exaggerated responses and involves the baroreceptors and cardiopulmonary and chemoreceptor reflexes, 32 the physiologic changes produced by both the sympathetic and parasympathetic systems can help in the assessment of generalized autonomic failure, autonomic neuropathies, distal small-fiber neuropathy, and overall adrenergic function.
The VM can be used for the termination of some supraventricular tachycardias and to evaluate a range of cardiac conditions including heart murmurs. 33, 34 As a diagnostic technique for bedside evaluation of heart murmurs, it may help in distinguishing a fixed obstruction from a dynamic obstruction (as the cause of a heart murmur). For example, the reduced stroke volume and cardiac output usually diminish the intensity of most fixed causes of murmurs during phase II of the VM. 33 Nevertheless, the murmur associated with hypertrophic obstructive cardiomyopathy (HOCM), and the associated mitral regurgitation, is intensified with a VM as the increased subvalvular obstruction produced by the reduction of left ventricular volume overrides the decrease in cardiac blood flow seen during the active phase of the VM and as a result the systolic murmur is intensified. 34 Some authorities advocate the VM as the primary means to evaluate patients suspected of having HOCM. 35 The radicular pain associated with cervical spine degenerative and compressive lesions can be exaggerated by a VM, making it a helpful diagnostic tool. Indeed, as the VM increases intrathoracic and -spinal pressure, the pain may manifest or be exacerbated, indicating an impingement of the nerve by an intervertebral disc, osteophytes, or other bony compression. 36 Intraoperative applications of VM
Thyroid, head and neck surgery
Meticulous hemostasis is important for all surgical procedures. Nevertheless, due to its rich vascular supply, the head and neck area is particularly susceptible to bleeding and hematoma formation, which can lead to airway compromise. Recently, the use of drains in thyroidectomy, parathyroidectomy, and other head and neck surgeries has been questioned on the grounds of an adverse impact on outcome and hospital length of stay. [37] [38] [39] [40] Tokaç et al. 38 found that, although intraoperative VM provided identification of bleeding points in 32% of patients, it had no effect on the duration of the postoperative drain usage, amount of drainage, and risk of hematoma. Despite these data, many surgeons continue to request intraoperative VM during thyroidectomy, parathyroidectomy, and head and neck surgery to help evaluate for any potentially covert venous bleeding sites.
Neurosurgery
The VM is commonly used during suturing of dural tears following spinal surgery as well as for confirming venous hemostasis after trans-sphenoid pituitary surgery, craniotomy, and spinal surgery. 10 
Assessing integrity of the autonomic nervous system
Integrity of the autonomic nervous system can be assessed using the VM and has been shown to be a good indicator of baroreceptor reflex sensitivity because it tends to maintain a constant arterial pressure. 41 Abnormal responses to the VM have been used for investigation in patients with autonomic neuropathies. The bradycardia associated with the overshoot of phase IV is less pronounced in the presence of autonomic dysfunction. The degree of abnormality of the HR response to the VM parallels the severity of the signs and symptoms of autonomic dysfunction. 42 
Venous cannulation
Reducing pain during venous cannulation has also been suggested as a benefit of a VM. Its mechanism is multifactorial with suggested explanations including vagal nerve stimulation, modulation of the cardiopulmonary and sino-aortic baroreceptor reflex arcs, and psychologic distraction by directing attention to a nonnoxious stimulus or the activation of the segmental pain inhibitory pathways. 43, 44 Head-down tilt and VM are also known to produce venous distention aiding cannulation of both small and large veins. [45] [46] [47] [48] The VM can increase the success of the internal jugular vein cannulation as there is a substantial increase in the vascular lumen, and it reduces their collapsibility and opens their valves, especially in patient whose vessel is found to be collapsed (e.g., in hypovolemic patients). 47 
Reduction of pain during spinal puncture
The VM is considered a painless non-pharmacologic method of pain attenuation in patients during the skin puncture of spinal anesthesia, 49 but caution should be exercised in using it only for superficial needle insertion as there is a risk of trauma to engorged veins in the epidural space due to transmitted backward pressure from the thorax. 18 Valsalva maneuver under anesthesia Though intraoperative VM is usually performed in mechanically ventilated patients, spontaneous ventilation using a supraglottic airway (SGA) or endotracheal tube (ETT) for major head and neck surgery is very common. A report of an intraoperatively modified VM in a patient breathing through an SGA was used with airway pressure of 15 cmH 2 O during repair of an orbital socket to help identify and treat the source of a CSF leak at the posterior aspect of the orbit. 50 That said, balanced anesthesia techniques using muscle relaxants and mechanical ventilation with the airway secured by an ETT are more the routine for patients undergoing major head and neck surgery. If and when VM is required to check for hemostasis or an air leak towards the end of surgery, it can be performed simply by switching the ventilator to manual ventilation. With the adjustable pressure-limiting valve fully closed, the fresh gas flow can be increased and the breathing circuit bag squeezed for 15-20 sec to generate the needed VM pressure. Importantly, the depth of anesthesia must be adequate and/or neuromuscular blockade assured to prevent any breathing against the forced ventilation. Some newer anesthetic machines have been made available that have the facilities to perform automated VM to a pre-set pressure and time (Aisys CS 2 , Datex-Ohmeda TM ). As expected, if an automated system is used, there will be a lack of feel for the chest wall compliance, and this method is only suitable in patients who are adequately anesthetized and paralyzed. If general anesthesia is maintained and mechanically ventilated with total intravenous anesthesia with propofol and remifentanil without a muscle relaxant and the VM is requested, anesthesia must be deepened, though this could be associated with a fall in arterial blood pressure needing vasopressor therapy independent of the VM itself.
Complications associated with the VM The use of a VM is generally very safe. Low and colleagues 51 have conducted 4,000 awake VMs per year since 1993 in the Mayo Clinic for the evaluation of generalized autonomic failure, benign autonomic disorders that mimic life-threatening disorders, distal small-fibre neuropathy, autonomic neuropathies, sympathetically maintained pain, and postural orthostatic tachycardia syndrome and have reported no complications.
Nevertheless, several real and theoretical complications can occur and have been variably reported. Reduced left ventricular stroke volume during the VM combined with inefficient autonomic regulation may contribute to periods of asystole (and very rarely with sudden death), 52 and therefore emergency equipment must be readily available, particularly in patients with known coronary artery disease or in subjects who are sensitive to sudden changes of arterial pressure or HR. 53 Several cases of neurologic complications have been reported. Two healthy individuals developed stroke and epidural hematomas during sit-up exercises after VM-like effects presumably due to supraphysiologic increases in blood pressure, leading to vascular injury and serious neurologic consequencess. 54 In a different report of a VM instituted during spina-bifida surgery, an egress of CSF following a rise in ICP led to atmospheric air being sucked into the fistula site after release of the VM and resulted in pneumocephalus. 55 In general, a decrease in the MAP and cerebral perfusion pressures during the strain of phase I and a compensatory rapid rise in the blood pressure after the release during phase II can cause a rise in cerebral blood flow and may lead to serious neurologic consequences including rupture of intracranial aneurysms and re-bleeding following surgical hemostasis during intracranial operations. 56 The size of a chronic subdural hematoma may expand after a transient decrease in ICP following a VM. The VM during labor delivery has been reported to cause a recurrence of spontaneous intracranial hypotension (SIH) and typically results from spontaneous CSF leak, often at the spinal level. 57 Unfortunately, the cause often remains undetermined. 58 A VM-induced retinopathy is a rare entity but has been reported following activities such as coughing, vomiting, straining on stool, yelling, blowing up an air mattress, weight lifting, moving furniture, Judo training, water skiing, vigorous exercise, motor vehicle accident, thoracic trauma, and difficult intubation. 59 The VM increases intraocular pressure leading to retinal or macular hemorrhage. [60] [61] [62] A case of unilateral visual loss sustained shortly after tracheal intubation and a sustained VM has been reported. 63 This was considered to be caused by increased intrathoracic pressure and intraocular venous pressure resulting in pre-retinal hemorrhage from rupture of perifoveal capillaries and disruption of small capillary vessels, which caused pooling of blood between the vitreous humor and the retina. A case of spontaneous hyphema has also been reported on emergence from general anesthesia after laparoscopic appendectomy. A Valsalva-like maneuver with breath-holding during emergence or during CO 2 insufflation for laparoscopy may have led to the development of hyphema. 64 A case of hemorrhagic retinopathy has also been reported to have occurred during spontaneous vaginal delivery after VM. The increase in intra-abdominal/intrathoracic pressure against a closed glottis with the ensuing sudden rise in venous pressure leading to rupture of superficial retinal capillaries was suggested as a cause of retinal hemorrhage. 65 Spontaneous pneumothoraces (due to alveolar rupture) have been reported in patients suffering from chronic obstructive pulmonary diseases. In addition, pneumomediastinum and/or rupture of subpleural blebs/ bullae have also been seen. 66, 67 Bilateral tension pneumothoraces, although uncommon, is a potentially lethal complication that has been reported in a child following shunt surgery 67, 68 presumably due to alveolar over-distention following application of the VM for trocar insertion, which increased the positive pulmonary pressure. Sudden death, although extremely rare, has also been reported.
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Conclusions
Intraoperative VM remains a common though controversial procedure during head and neck surgery and its usefulness appears to be more convincing during neurosurgical procedures. A standard intraoperative VM has three recognized composites for optimal effects: duration of 15-20 sec, supine posture, and 40 mmHg intrathoracic Intraoperative Valsalva maneuver 583 pressure. To reduce the possible unwarranted complications that appear to be associated with high intrathoracic pressure, there is a need to reconsider the application and technique of the intraoperative VM.
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